INTRODUCTION {#SEC1}
============

The cell cycle of all living organisms involves the precisely coordinated events of chromosome replication, segregation and cell division. In order to ensure genetic stability, the genetic material must be correctly replicated once per cell cycle and properly organized and segregated to the new daughter cells. *Escherichia coli* cells are capable of replicating with overlapping replication cycles during rapid growth ([@B1]). This means that new DNA is constantly being synthesized and that the circular chromosome may have more than two replication forks. Unlike in eukaryotic cells replication and segregation of DNA is not separated in time. How the cells ensure proper organization and partitioning of DNA at the same time as replication, transcription, recombination and repair processes are going on is not fully understood. Many DNA binding proteins, so-called NAPs (nucleoid associated proteins), have been implicated in the process ([@B2]). Among them is the SeqA protein that preferentially binds to newly replicated DNA.

SeqA was initially discovered as an actor in origin sequestration ([@B3]) that prevents re-initiation of replication at new origins for about 1/3 of the cell cycle ([@B3]--[@B5]). The binding of SeqA to DNA *in vitro* requires at least two hemimethylated (newly replicated) GATC sites that are appropriately spaced ([@B6]), whereas if the DNA is fully methylated only *oriC* DNA (which has a very high frequency of GATC sites) can bind SeqA ([@B7]). If more than six hemimethylated GATC sites are present on a DNA fragment the resulting oligomer of SeqA is capable of recruiting further SeqA molecules that need not be bound to DNA ([@B8]). It has also been shown that SeqA is capable of restraining negative supercoils ([@B9]--[@B11]) by forming multimer fibers ([@B11],[@B12]). The *in vitro* work indicates that large structures of SeqA trail the replication forks. This is supported *in vivo* by fluorescence microscopy studies showing that SeqA colocalizes with BrdU labeled, newly synthesized DNA ([@B13],[@B14]) and forms a relatively compact structure ([@B15],[@B16]). This structure must at the same time be dynamic, since SeqA continuously binds the newest (most recently replicated) DNA ([@B17]). Chromatin immunoprecipitation (ChIP) on chip analysis highlights that the binding of SeqA on the chromosome correlates with hemimethylation ([@B18]) and recent high-resolution genome conformation capture analysis showed replication-dependent clustering of SeqA-binding sequences and suggested an important role for SeqA in organization of the chromosome during replication ([@B19]).

Two models for the role of SeqA-mediated DNA organization behind the replication fork have been proposed. The first is that SeqA complexes direct segregation of the sister chromosomes during replication by keeping sister DNA molecules separate from each other and from the replication forks ([@B20]). The second model is that the SeqA complexes constitute a spacer in which sister DNA molecules are kept close together. Such a function could keep segregation from destabilizing the replication fork ([@B21],[@B22]). The model is supported by the fact that SeqA deletion strains have compromised genomic stability ([@B3],[@B23]) and more rapid DNA segregation ([@B24]) compared to wild-type strains. The SeqA protein has also been shown to interact with TopoIV ([@B25]). On newly replicated DNA this interaction may facilitate removal of precatenanes and subsequent chromosome segregation ([@B24]).

Here we have studied the relative positions of the replisome and SeqA structures with fluorescence microscopy during rapid growth with overlapping replication cycles and during slow growth with only one replicating chromosome. We find that the SeqA structures bound to newly formed, hemimethylated sister DNA molecules are situated close together (closer than ∼30 nm) but at a considerable distance behind the replisome (on average ∼200--300 nm).

MATERIALS AND METHODS {#SEC2}
=====================

Bacterial strains {#SEC2-1}
-----------------

All strains used in experiments are derivatives of the *E. coli* K-12 strain AB1157 ([@B26]) and are listed in Table [1](#tbl1){ref-type="table"}. Localization studies of SeqA were done with cells containing the yellow fluorescent protein (YFP) fused to the C-terminal end of SeqA. The *seqA-yfp* gene was expressed from the endogenous chromosomal promoter. The YFP protein was from ([@B27]) and connected to SeqA via a four-amino acid linker ([@B28]). SeqA-YFP was transferred into AB1157 by P1 transduction ([@B29]) to obtain SF128. The SeqA-YFP fusion is functional in origin sequestration and western blot analysis showed that the cellular concentration of fluorescently tagged SeqA was about the same as that of wild-type SeqA ([@B30]).

###### Bacterial strains

  Strain name         Relevant features^a^                                                       Source
  ------------------- -------------------------------------------------------------------------- ------------------------------------
  AB1157              Wild type                                                                  ([@B26])
  MG1655 *seqA-YFP*   MG1655 *seqA-yfp::cat*                                                     ([@B28])
  GL224               MG1655 *SSB-CFP::cat* in *lamB*                                            A. Wright and G. Leung
  RRL27               AB1157 *holC-ypet::kan*                                                    ([@B33])
  RRL215^b^           AB1157 *ori1* \[lacO240-Hyg\]3908 P*dnaA-lacI*-*mcherry cat*::D*leuB*      R. Reyes-Lamothe and D.J. Sherratt
  SF128               AB1157 *seqA- yfp::cat*                                                    ([@B30])
  SF143               RRL215 with *cat* flipped out                                              This work
  SF144               SF128 with *cat* flipped out                                               This work
  SF148               AB1157 *ori1* \[lacO240-*hyg*\]3908 P*dnaA-lacI*-*mcherry seqA-yfp::cat*   This work
  SF149               AB1157 *seqA-yfp SSB-CFP::cat*                                             This work
  SF171               AB1157 *holC-ypet::kan SSB-CFP::cat*                                       This work

^a^For the description of strain constructions see the Materials and Methods section.

^b^The construction of strain RRL215 was performed as described in ([@B33]) except that the lac promoter was substituted with the dnaA promoters (R. Reyes-Lamothe personal communication). The primers used for up-amplification of the dnaA promoters were as follows:

PdnaA-F (PciI, ACATGT) 5′-GTC ACA TGT AAT AAT TGT ACA CTC CG-3′

PdnaA-R (EcoRI, GAATTC) 5′-AAG AAT TCT CCA CTC GAA CAA AAG TCG-3′

A FROS (fluorescent-repressor-operator system) was used to study the localization of the origin region ([@B31]). The RRL215 strain contained a *lac* operator array (240 copies) (from IL01) ([@B31],[@B32]) and a *lacI-mcherry* gene ([@B33]). The *lac* operator array was located at the *att*Tn7 site (at 84.27 min) 15 kb counterclockwise from *oriC*. The *lacI-mcherry* gene replaced the *leuB* gene on the chromosome and was constitutively expressed from the *dnaA* promoter (Table [1](#tbl1){ref-type="table"}). The strain was kindly provided by R. Reyes-Lamothe and D.J. Sherratt. For multiple insertions of modified genes, the chloramphenicol resistance gene with flanking flip recognition target (*frt*) sites was removed from RRL215 and SF128 with the aid of Flp recombinase from pCP20 ([@B34]) to yield strains SF143 and SF144, respectively (Table [1](#tbl1){ref-type="table"}). To obtain strain SF148, *seqA-yfp* (from SF128) was P1 transduced ([@B29]) into SF143 cells. Studies of SSB localization were with cells containing the SSB-CFP allele inserted in place of the *E. coli lamB* gene and was kindly provided by A Wright (G. Leung *et al*., unpublished). To obtain SF149 and SF171, an *ssb-cfp* fusion (from GL224) was P1 transduced into SF144 (this work) and RRL27 ([@B33]), respectively. The SF149 and SF171 cells contained the wild-type *ssb* gene on the chromosome.

Cell growth {#SEC2-2}
-----------

Cells were grown at 28°C in AB minimal medium ([@B35]) supplemented with 1-μg ml^−1^ thiamine, 0.2% glucose and 0.5% casamino acids (glucose-CAA medium) or in AB minimal medium ([@B35]) supplemented with 0.4% sodium acetate, 1-μg ml^−1^ thiamine, 80-μg ml^−1^ threonine, 20-μg ml^−1^ leucine, 30-μg ml^−1^ proline, 22-μg ml^−1^ histidine and 22-μg ml^−1^ arginine (acetate medium). The doubling time (τ) was found by optical density (OD) measurements. Cells were grown to OD ∼ 0.15 (early exponential phase) at which time they were prepared for flow cytometry analysis or fluorescence microscopy.

Flow cytometry and cell cycle analysis {#SEC2-3}
--------------------------------------

Exponentially growing cells were fixed in ethanol or treated with 300-μg/m rifampicin and 10-μg/ml cephalexin to inhibit replication initiation ([@B36]) and cell division ([@B37]), respectively. Growth of drug-treated samples continued for 3--4 generations, after which they were fixed in ethanol. Drug-treated cells ended up with an integral number of chromosomes ([@B36]), which represents the number of origins at the time of drug treatment (replication run-out). Run-out samples were only prepared for cells grown in glucose-CAA medium due to rifampicin resistant initiations during growth in acetate medium ([@B38]). Flow cytometry was performed as previously described ([@B39]) using an LSR II flow cytometer (BD Biosciences) and FlowJo 7.2.5 software. Cell cycle parameters, numbers of origins and replication forks per cell were obtained by analysis of the DNA distributions obtained by flow cytometry as described ([@B40]) (see Supplementary Figures S1 and S2).

Widefield fluorescence microscopy imaging {#SEC2-4}
-----------------------------------------

For widefield fluorescence microscopy exponentially growing cells were immobilized on an agarose pad (1% agarose in phosphate-buffered saline) and covered with a \#1.5 coverslip. Images were acquired with a Leica DM6000 microscope equipped with a Leica EL6000 metal halide lamp and a Leica DFC350 FX monochrome CCD camera. Phase contrast imaging was performed with an HCX PLAPO 100x/1.40 NA objective, whereas differential interference contrast images were acquired with an HCX PL APO 100x/1.46 NA objective. Narrow band-pass filter sets (CFP: Ex BP436/20, Em BP480/40, GFP: Ex BP470/40, Em BP525/50, YFP: Ex BP510/20, Em BP560/40, Cy3: Ex BP545/30, Em BP610/75) were used for fluorescence imaging.

During image acquisition, saturated pixels were avoided. The raw images were saved for further image processing (see below and Supplementary materials).

Single-molecule localization microscopy by dSTORM imaging {#SEC2-5}
---------------------------------------------------------

dSTORM (direct stochastic optical reconstruction microscopy) imaging was performed using an OMX V4 system (Applied Precision, a GE Healthcare company). Fixed cells (from exponential growth) were mounted on poly-L-lysine-coated Mattec dishes and stained with rabbit anti-SeqA primary antibody and anti-rabbit Alexa647 secondary antibody, according to the protocol described in ([@B41]). The cells were imaged in switching buffer (50-mM Tris, 50-mM NaCl, 10% Glucose, 2000-Units/ml Catalase, 270-U/ml Glucose Oxidase and 147-mM beta-Mercaptoethanol) ([@B42]).

Five-thousand frames per field of view were recorded in TIRF (Total Internal Reflection Fluorescence) imaging mode using a 100-mW 642 laser line.

All single-molecule reconstructions were performed using Softworx software (Applied Precision, a GE Healthcare company). Molecules were localized using multi-emitter fitting and drift was corrected by cross correlation. For final visualization, we plotted only molecules with 5--15-nm localization precision with 10-nm final pixel size.

Image processing and analysis {#SEC2-6}
-----------------------------

For all microscope techniques, imaging adjustments (brightness and contrast) were performed in Image J, Fiji or Adobe Photoshop CS4 software. We used the public domain Coli-Inspector project to obtain fluorescence intensity profiles of the cells and to do vertical plotting of fluorescence and phase contrast images of cells. Coli-Inspector runs under ImageJ/Fiji in combination with the plugin ObjectJ (<http://simon.bio.uva.nl/objectj/>). The average fluorescence intensity profile of cells was plotted against the cell long axis, in groups of increasing cell length, as described ([@B43]). Vertical plotting of cells was done in the order of gradual increase in cell length. Age classes of cells were defined by the cell length, assuming that length increases linearly.

Image processing for automated analysis using the developed script (see below) was performed in Image J using the following tools: (i) background subtraction with default Rolling disk (diameter 10 pixels), (ii) deconvolution using the Richardson---Lucy algorithm (100 iterations), (iii) median filter, (iv) thresholding by Max Entropy (see Supplementary Figure S5 and Supplementary materials for details of image processing).

Analysis of fluorescence spot distances, colocalization and numbers of foci per cell {#SEC2-7}
------------------------------------------------------------------------------------

We have developed a Python-based script for automatic measurements of the distance between neighboring spots that are registered in two different fluorescence channels. The script is run under Fiji and uses 'Find Maxima' as a tool for spot/focus detection within the specimen. The measured distances were also used to estimate the level of colocalization (object-based colocalization) (see Supplementary materials). The script was evaluated by analysis of fluorescently labeled TetraSpeck beads and cells with fluorescently tagged replisome proteins (SSB and HolC) and found to work well (see Supplementary materials).

The numbers of fluorescent foci per cell were counted manually or by using the script. We found that the distribution of numbers of foci was essentially the same when using these two methods (data not shown).

Investigations of distortions in the image plane {#SEC2-8}
------------------------------------------------

To investigate distortions in the image plane, an Image Registration Target Slide (Applied Precision) was employed (see Supplementary materials). We found that the light path of the microscope system was properly aligned for colocalization studies (Supplementary Figure S4).

RESULTS {#SEC3}
=======

The SeqA structure trails the replication fork with an average distance of 212 nm in rapidly growing cells {#SEC3-1}
----------------------------------------------------------------------------------------------------------

Using widefield fluorescence imaging (snapshot imaging) we have simultaneously visualized the replisome (SSB-CFP) and the SeqA protein (SeqA-YFP) in *E. coli* SF149 cells in order to investigate their relative localizations. In agreement with ([@B33]) we find that SSB is a good marker of the replisome because the positions of SSB foci are coincident with those of the replisome component HolC (Supplementary Figure S3).

The cells were grown at 28°C in minimal medium supplemented with glucose and casamino acids (glucose-CAA medium) (doubling time (τ) of 57 ± 1 min) to early exponential phase (OD ∼ 0.15) and samples were prepared for microscopy or flow cytometry analysis. Cell cycle analysis of DNA histograms of cells growing exponentially or treated with rifampicin and cephalexin to allow run-out of replication (see the Materials and Methods section) showed that initiation of replication occurred at four origins at the age of ∼0.8 and terminated right before cell division in the following generation (overlapping replication). The cells contained two replication forks per chromosome (in total four forks in young cells and eight forks in dividing cells), except for in the period after initiation and prior to termination where each of the two chromosomes contained six replication forks (multifork replication) (Figure [1A](#F1){ref-type="fig"} and Supplementary Figure S1). Snapshot imaging showed formation of mainly two, three or four discrete SeqA and replisome foci (Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). The distribution of SeqA foci is in accordance with previous immunofluorescence results ([@B16]) and indicates that pairs of replication forks are situated close together for most of the cell cycle. The public domain Coli-Inspector project (see the Materials and Methods section) was used to visualize the trend of SeqA focus movement through the cell cycle (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Note that Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"} are aligned according to relative cell age (newborn cells represented in top panels and dividing cells in bottom panels). The youngest/newborn cells mainly had one SeqA focus and one replisome focus at each of the quarter positions. Since these cells contained four replication forks, the two replication forks of each chromosome must be localized close together, as mentioned above (Figure [1B](#F1){ref-type="fig"}, top panel). SeqA and replisome foci could be distinguished as four separate foci when the replication forks had replicated more than half of the chromosome, around the age of 0.3--0.45 (i.e. one SeqA/replisome focus per replication fork) (Figure [1B](#F1){ref-type="fig"}, panel 3). Splitting of paired replication forks has been observed in previous studies at this stage in the replication cycle ([@B30]), and indicates that a movement of the DNA takes place. Using 3D-SIM (three-dimensional structured illumination microscopy) with a resolution of ∼120 nm we found that the two SeqA structures trailing a replication fork also could be resolved in a few cells in this period (∼6% of the total population) (Supplementary Figure S6). It therefore appears likely that not only the replication forks are more dynamic/mobile relative to each other in this period, but also the individual strands of newly replicated DNA. However, in ages of ∼0.45--0.8 (prior to and at initiation of a new round of replication) pairs of replication forks were once again found to be colocalized (two SeqA/replisome foci in each cell), presumably because the replication forks are converging toward the terminus region of the chromosome. After initiation (age 0.8--1), the cells mainly harbored four foci positioned at the cells one-eighth positions (Figure [1B](#F1){ref-type="fig"}, lower panels). In this period the cells contained four chromosomes, which means that each focus likely represents a pair of new replication forks each. Some of the cells in this age group (presumably those with 12 replication forks) contained six replisome foci but only four SeqA foci (Figure [1B](#F1){ref-type="fig"}, panels 5 and 6). This was about 10% of the population, and in these cases, the 'old' forks might have lost the SeqA structures trailing them due to few GATC sites in the Ter domain, as suggested previously ([@B18]).

![Snapshot imaging of cells with fluorescently tagged SeqA and replisome during rapid growth in glucose-CAA medium. (**A**) Cell cycle diagram with parameters obtained by flow cytometry of cells (SF149) with tagged SeqA (SeqA-YFP) and replisome (SSB-CFP), grown exponentially in glucose-CAA medium at 28°C. The relative cell age is indicated (from 0 to 1), the C-period (replication period) as a black line and the D-period (period from replication termination to cell division) as a stippled black line. Schematic drawings of replicating chromosomes at different stages of the cell cycle are shown beside the diagram. These indicate DNA content, the number of origins (black dots), the number of replication forks and replication fork progression. G, M and C stand for grand-mother, mother and current generation, respectively. (**B**) Snapshot fluorescence imaging showed formation of discrete SeqA (pseudo-colored red) and replisome (pseudo-colored green) foci. Images of cells are ordered from top to bottom according to relative cell age (based on relative cell length). (**C**) Local brightness of fluorescent replisome (green line) and SeqA (red line) signals was plotted against foci positioning on the cell long axis (x-axis of histograms) using Coli-Inspector (see the Materials and Methods section). The population was divided into six age groups based on relative cell length. The histograms of age groups are vertically plotted according to increasing cell age (youngest cells in the top panel and oldest cells in the bottom panel). (**D**) The integral fluorescence of each cell was sorted and plotted as a function of cell length (each cell is displayed as a vertical line) using Coli-Inspector, where relative cell length corresponds to relative cell age (x-axis). The white horizontal line indicates midcell. A total of 303 cells were analyzed. (**E**) The percentages of cells with zero to seven SeqA (red bars) or replisome (green bars) foci per cell were manually counted (see Supplementary materials) and plotted in a histogram. A total of 281 cells were analyzed. (**F**) The imaged population of cells was divided into five age groups and the distribution of SeqA-replisome distances was plotted in a histogram. The SeqA-replisome distances within each age group were categorized into 0.1-μm intervals represented with color codes (blue category represents distances of 0--100 nm, red category represents distances of 100--200 nm, green category represents distances of 200--300 nm and purple category represents distances of 300--1000 nm). The average SeqA-replisome distances (±SEM) for all cells within each age group are shown above the histograms in red text. The y-axis shows the percentage of total measured SeqA-replisome distances (the distances within categories were normalized against the total number of measured distances for all age groups). A total of 522 cells were analyzed.](gkv146fig1){#F1}

As seen from snap shot images the replisome and SeqA foci were near each other and had similar localization patterns, but only occasionally cells contained completely overlapping SeqA and replisome foci (Figure [1B](#F1){ref-type="fig"}). This indicated that the dynamic SeqA structures on the new DNA are trailing the replication forks, but do not bind immediately behind them. To quantitatively assess the distance between SeqA and replisome structures we developed a Python-based image analysis script. The script is run under Fiji and uses 'Find Maxima' as a tool for detecting the center-of-mass of the fluorescent foci in two separate channels. It calculates the distance between nearest-neighbor foci in the two channels, in our case between SeqA and the replisome (see Supplementary materials). Because the foci are registered in separate channels, it is possible to determine distances that are below the resolution limit of the microscope (see Supplementary materials). Using this analysis method we found that the average SeqA-replisome distance was 212 ± 15 nm (average ± SEM). The cells were further divided into five age groups based on increasing cell length and the distribution of SeqA-replisome distances within each age group was plotted in a histogram (color coded distance categories), as well as the average distance for each group (red text above the histograms) (Figure [1F](#F1){ref-type="fig"}). The analysis showed that the SeqA-replisome distances were relatively similar through the cell cycle (Figure [1F](#F1){ref-type="fig"}). Thus, our results indicate that the SeqA protein is trailing the replisome at a considerable distance of on average 212 nm through the cell cycle in rapidly growing cells.

The SeqA structure trails the replication fork at a considerable distance also in slowly growing cells {#SEC3-2}
------------------------------------------------------------------------------------------------------

Slowly growing cells with a maximum of two replication forks and a period devoid of replication were also analyzed. This was done in order to simplify the interpretation of foci in the images (no multifork system) and to investigate whether the SeqA-replisome distances would differ between rapid and slow growth conditions. The cells (SF149) were grown at 28°C in minimal medium supplemented with acetate (acetate medium) (*τ* = 203 ± 3 min) to early exponential phase (OD ∼ 0.15). Snapshot imaging and flow cytometry analysis was performed as described above. Cell cycle analysis showed that initiation of replication occurred at one origin in the newborn cell and that the replication period (C-period) spanned about half a doubling time (Figure [2A](#F2){ref-type="fig"} and Supplementary Figure S2).

![Snapshot imaging of cells with fluorescently tagged SeqA and replisome during slow growth in acetate medium. (**A**) Cell cycle diagram with parameters obtained by flow cytometry of cells (SF149), with tagged SeqA (SeqA-YFP) and replisome (SSB-CFP), grown exponentially in acetate medium at 28°C. See Figure [1A](#F1){ref-type="fig"} for the description of cell cycle diagram. (**B**) Snapshot fluorescence imaging showed formation of discrete SeqA (pseudo-colored red) and replisome (pseudo-colored green) foci. Images of cells are ordered from top to bottom according to relative cell age (based on relative cell length). The purple square indicates cells in which SeqA was localized at midcell, whereas the replisome was positioned at the quarter positions. (**C**) Local brightness of fluorescent replisome (green line) and SeqA (red line) signals was plotted against foci positioning on the cell long axis (x-axis of histograms) using Coli-Inspector (see the Materials and Methods section). The population was divided into six age groups based on relative cell length. The histograms of age groups are vertically plotted according to increasing cell age (youngest cells in the top panel and oldest cells in the bottom panel). (**D**) The integral fluorescence of each cell was sorted and plotted as a function of cell length (each cell is displayed as a vertical line) using Coli-Inspector, where cell length corresponds to relative cell age (x-axis). The white horizontal line indicates midcell. A total of 523 cells were analyzed with Coli-Inspector. (**E**) The percentages of cells with zero to three SeqA (red bars) or SSB (green bars) foci per cell were plotted in a histogram. Error bars represent standard errors of the mean (SEM) of three independent experiments. A total of 423 cells were analyzed. (**F**) The distribution of SeqA-replisome distances within the three youngest age groups (replicating cells with relative ages of 0 to 0.6) was plotted in a histogram. See Figure [1F](#F1){ref-type="fig"} for the description of the histogram. A total of 273 cells were analyzed.](gkv146fig2){#F2}

Snapshot fluorescence imaging showed formation of discrete SeqA and replisome foci in ∼90 and 50% of the population, respectively (Figure [2B](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}). The newborn cells in the population contained one SeqA and one replisome focus that were localized near each other at midcell (Figure [2B](#F2){ref-type="fig"}, top panel). This indicates that the two replication forks are situated close together. The replisome was next observed at the quarter positions (in ∼25% of the replicating cells), while SeqA remained at midcell (Figure [2B](#F2){ref-type="fig"}, purple square). However, the midcell SeqA focus could sometimes be distinguished as two very closely spaced foci. Toward the end of the replication period (ages of ∼0.35--0.45), both SeqA and the replisome were located at midcell (Figure [2B](#F2){ref-type="fig"}, panel 4). In the post-replication period (D-period) most cells did not contain replisome foci and SSB-CFP was seen as a background haze. SeqA, however, persisted as a focus at midcell for a significant period before relocating to the quarter positions just before cell division (around the relative age of 0.8) (Figure [2B](#F2){ref-type="fig"}, panels 5 and 6). A few of the non-replicating cells contained three SeqA foci (Figure [2E](#F2){ref-type="fig"}), usually localized at midcell and quarter positions. We plotted the mean intensity of SeqA foci in the population (estimated for a 5 × 5 pixel around each focus) and found that it correlates inversely with the number of foci in the cell (Supplementary Figure S7). This strengthens the argument that SeqA structures behind two forks are colocalized in cells containing one SeqA focus. The localization patterns of SeqA and replisome foci in the whole population are shown using Coli-Inspector as previously explained (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}).

We employed our script for quantitative analysis of distances between SeqA and replisome foci. The average SeqA-replisome distance for the total population was found to be 256 ± 41 nm, which is relatively similar to that of rapidly growing cells. However, as the images in Figure [2B](#F2){ref-type="fig"} indicate, the distances vary through the cell cycle and an average distance estimation may not be appropriate. We divided cells of ages 0--0.6 into three groups based on increasing cell length, as explained for Figure [1F](#F1){ref-type="fig"} (Figure [2F](#F2){ref-type="fig"}). In the youngest group (age 0--0.2) when initiation occurs most cells had short SeqA-replisome distances (the blue and red distance categories are high and the average distance is 206 ± 8 nm). In the middle group (age 0.2--0.4) it can clearly be seen that the distances between SeqA and the replisome increase (the purple distance category is high and the average distance is 300 ± 47 nm). This is presumably due to the presence of cells with replisomes at the quarter positions and SeqA at midcell (Figure [2B](#F2){ref-type="fig"}, purple square). The last group (ages of 0.4--0.6) includes cells that are terminating replication, and gives a somewhat decreased average distance (265 ± 59 nm) compared to the middle group. Here the replisomes in many cells were found back at the midcell position (Figure [2B](#F2){ref-type="fig"}). Thus, these results coincide well with qualitative observations from fluorescence microscopy images (Figure [2B](#F2){ref-type="fig"}) and show that the distance between SeqA and the replisome can be surprisingly large during certain parts of the cell cycle in slowly growing cells (Figure [2B](#F2){ref-type="fig"} (purple square) and F).

SeqA-YFP is localized at midcell for most of the D-period, but colocalizes with the origin region before cell division and initiation of replication {#SEC3-3}
----------------------------------------------------------------------------------------------------------------------------------------------------

We found that during slow growth in acetate medium, fluorescent SeqA foci were present in ∼90% of the cells (Figure [2](#F2){ref-type="fig"}). Since DNA replication was terminated about halfway through the cell cycle, a substantial part of the population was non-replicating cells with two fully replicated chromosomes. We found that discrete SeqA foci were present in these cells (Figure [2B](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}, ages of 0.45--1). The GATC sites on the chromosome are targets for DNA adenine methyltransferase that methylates the adenine residues shortly after passage of the replication fork ([@B44]). This means that the chromosomes will be fully methylated when replication is finished. Biochemical analysis has shown that SeqA binds preferentially to two or more hemimethylated GATC sites, but is also able to bind fully methylated *oriC* ([@B6],[@B7],[@B45]). We therefore speculated whether the SeqA foci observed in the D-period could represent SeqA bound to fully methylated *oriC*. In order to answer this question, we simultaneously visualized the SeqA protein and the *oriC* region using snapshot imaging. The cells (SF148) expressed YFP-tagged SeqA protein and had their *oriC* region marked with fluorescent *lacI* repressor (LacI-mCherry) bound to an array of *lac* operators 15 kb counterclockwise of *oriC*.

The cells were grown at 28°C in acetate medium (*τ* = 242 ± 25 min) and samples for flow cytometry and snapshot imaging were prepared as described previously. Initiation of replication occurred at one origin at a relative cell age of ∼0.1 and the replication period (C-period) lasted ∼40% of the doubling time (Figure [3A](#F3){ref-type="fig"} and Supplementary Figure S2). In accordance with results from Figure [2](#F2){ref-type="fig"}, snapshot imaging showed formation of discrete SeqA foci in ∼95% of the cells (Figure [3B](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). Discrete origin foci were observed in all cells (Figure [3B](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}).

![The SeqA protein is localized at midcell for most of the D-period, but colocalizes with the origin region before cell division and initiation of replication. (**A**) Cell cycle diagram of cells (SF148) with fluorescently tagged SeqA protein (SeqA-YFP) and origin region (FROS), grown exponentially in acetate medium with a doubling time (τ) of 250 min. See Figure [1A](#F1){ref-type="fig"} for the description of cell cycle diagram. The B-period is shown as a gray line. (**B**) Snapshot fluorescence imaging showed formation of discrete *oriC* (pseudo-colored red) and SeqA (pseudo-colored green) foci. Images of cells are ordered from top to bottom according to relative cell age (based on relative cell length). (**C**) Local brightness of fluorescent SeqA (green line) and *oriC* (red line) signals was plotted against foci positioning on the cell long axis (x-axis of histograms) using Coli-Inspector. The population was divided into six age groups based on relative cell length. The histograms of age groups are vertically plotted according to increasing cell age (youngest cells in the top panel and oldest cells in the bottom panel). (**D**) The integral fluorescence of each cell was sorted and plotted as a function of cell length (each cell is displayed as a vertical line) using Coli-Inspector, where cell length corresponds to relative cell age (x-axis). The white horizontal line indicates midcell. A total of 816 cells were analyzed. (**E**) The percentages of cells with zero to three SeqA (green bars) or *oriC* (red bars) foci per cell were plotted in a histogram. Error bars represent standard error of the means (SEM) of three independent experiments. A total of 591 cells were analyzed. (**F**) The percentage of SeqA and *oriC* foci that were close together (below the resolution limit) was plotted in a histogram according to four groups of increasing relative cell age (based on relative cell length). The distances that represent SeqA-origin proximal foci were normalized against the total number of distances measured for that age group. A total of 779 cells were analyzed.](gkv146fig3){#F3}

SeqA and origin foci were colocalized at midcell in the youngest/newborn cells (Figure [3B](#F3){ref-type="fig"}, top panel). In cells with age around 0.2--0.4 the origin region had moved toward the quarter positions, whereas SeqA remained at midcell (Figure [3B](#F3){ref-type="fig"}, panel 2). In the larger cells, in which the DNA replication was terminated, we observed one SeqA focus at midcell and one origin focus at each of the quarter positions (ages of ∼0.55--0.8) (Figure [3B](#F3){ref-type="fig"}, panels 4 and 5). Finally, in the old/dividing cells SeqA was colocalized with the origin region at the quarter positions (ages of ∼0.8--1) (Figure [3B](#F3){ref-type="fig"}, panel 6). Analysis of SeqA and origin localization patterns in the cell was performed with Coli-Inspector as previously explained (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}).

To analyze the distances between SeqA and origin region we employed the script. By dividing the cells into four age groups, we found that the youngest (0--0.2) and the oldest (0.6--1) cells contained the highest fraction of SeqA foci colocalized with the origin region (Figure [3F](#F3){ref-type="fig"}). In the age groups between, there were substantially less cells with origin proximal SeqA foci. This corresponds well to what we have described above. The high fraction of cells with colocalization of SeqA and the origin region in young cells is in accordance with replication initiation, while the decrease of such cells in middle age groups reflects segregation of the origin region to each cell half. Moreover, a high percentage of old cells with SeqA at the origin region indicates that SeqA binds to the origin region prior to replication initation. This means that SeqA presumably is able to remain in multimerized complexes in the absence of hemimethylated GATC-sites and is also likely to bind to *oriC* prior to initiation.

Single-molecule localization imaging reveals that sister SeqA structures trailing a single replication fork are localized close together {#SEC3-4}
----------------------------------------------------------------------------------------------------------------------------------------

We show here that the replisome and the SeqA structures are situated relatively far apart, both during rapid and slow growth. We also show that in rapidly growing cells the two SeqA structures on newly replicated sister DNA apparently could be resolved for a few cells (6%) with 3D-SIM (Supplementary Figure S6) in the period when the replication forks exhibit higher mobility (see Figure [1](#F1){ref-type="fig"}). This indicated that sister SeqA structures are localized closer than 120 nm (the resolution of 3D-SIM) for most of the cell cycle. However, rapidly growing cells contain substantially more DNA (and replication forks) than slowly growing cells and it may be that space restrictions force the sister SeqA structures to be localized close together. Moreover, the resolution of 3D-SIM is not high enough to discern between finely spaced foci, considering the diameter of DNA (around 2 nm). We therefore decided to (i) study the SeqA structures in slowly growing cells containing a single replicating chromosome and (ii) increase the microscopic resolution by performing dSTORM single-molecule localization imaging. The cells (AB1157) were grown at 28°C in acetate medium (*τ* = 234 ± 17 min) and SeqA was immunolabeled with anti-SeqA primary antibody and anti-rabbit Alexa647 secondary antibody (see the Materials and Methods section). Samples for flow cytometry were prepared as explained previously. The dSTORM fluorescence intensity information was sorted for a precision of 5--15 nm.

We categorized all the imaged cells according to relative cell length/cell cycle progression, as explained for Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. Figure [4A](#F4){ref-type="fig"} shows segmented SeqA-Alexa647 foci that are representative of cell cycle stage, in which signal captured in conventional widefield mode (pseudo-colored red) and signal captured in dSTORM mode (pseudo-colored green/yellow) are shown. The number of widefield and dSTORM foci per cell was plotted in a histogram for the replicating cell population (Figure [4B](#F4){ref-type="fig"}). The replicating cells were found to harbor mainly one or two midcell SeqA dSTORM foci within one widefield focus, thus representing two or one replication fork(s), respectively. A few cells (∼6%) were found to contain three or four dSTORM SeqA foci at midcell (Figure [4B](#F4){ref-type="fig"}), which presumably indicates that two SeqA structures could be resolved for one or both of the two replication forks. The non-replicating cells contained mainly two dSTORM foci/one widefield focus at midcell or one dSTORM/widefield focus at each of the quarter positions right before cell division. The average width of dSTORM foci in replicating cells containing two foci was found to be 34 nm (focus length in both x and y directions included) (Figure [4A](#F4){ref-type="fig"}). Since these foci contain sister DNA strands, the result implies that SeqA structures on the sister strands were situated less than 34 nm apart in the large majority of the replicating cells.

![dSTORM imaging of immunolabeled SeqA (using secondary antibody conjugated with Alexa647) in slowly growing AB1157 cells. (**A**) Example image of a typical newborn cell where the SeqA focus is imaged in conventional widefield mode (pseudo-colored red) and in dSTORM mode (pseudo-colored green/yellow) (top panel). Segmented SeqA foci from representative cells (middle panel), arranged according to cell cycle progression (lower panel). See Figure [1A](#F1){ref-type="fig"} for the description of cell cycle diagram. A total of 62 cells were imaged. (**B**) Histogram showing the number of SeqA foci per cell in conventional widefield mode (red bars) and in dSTORM mode (yellow bars) in the population of replicating cells. Thirty-two cells were analyzed.](gkv146fig4){#F4}

DISCUSSION {#SEC4}
==========

SeqA complexes trail the replication fork at a distance whereas the SeqA complexes on the two new sister DNA molecules are situated close together {#SEC4-1}
--------------------------------------------------------------------------------------------------------------------------------------------------

We show in this work that the SeqA structures that trail the replication forks do so at a considerable distance. We also show that the SeqA structures bound to newly replicated sister molecules are kept close to each other (Figure [5](#F5){ref-type="fig"}). In a few replicating cells (6%) the sister foci behind a single fork could be distinguished by dSTORM imaging. In all other cells the sister foci were located close together, and could not be resolved from fluorescence signal sorted for a precision of 5--15 nm. The fact that the sister SeqA foci could be seen apart indicates that when SeqA binds to new DNA, the structures that are built are separate on the two sister molecules.

![Model of SeqA protein trailing the replisome. Illustration of the two replication forks of one chromosome with the two replisomes included. The average distance from the replisome to the SeqA structures of the same replication fork and the maximum distance between the SeqA structures on the two daughter molecules are indicated. Unreplicated DNA in black, new DNA in gray, replisomes in green, *oriC* as black dots and SeqA in red.](gkv146fig5){#F5}

One explanation for the large average distance between the replisome and the SeqA structure may be the difference in the size of the structures. The average frequency of GATC sites is four GATC sites every 1000 base pairs. On an *E. coli* chromosome replicating with two replication forks, each at a speed of 50 000 base pairs per min, 400--800 new GATC sites will be generated every 1--2 min. Therefore, on average 200--400 GATC sites are bound by SeqA behind each replication fork. Such a complex of several hundred SeqA molecules bound to DNA will be much larger than the replisome, and would make the DNA-bound SeqA structure relatively immobile compared to the replisome which has been reported to track along the DNA as it replicates ([@B33]).

When DNA is completely extended, 1000 base pairs will reach ∼250 nm. DNA bound to nucleoid-associated proteins will, however, be much more compact. Thus it is likely that several thousand base pairs of DNA is found in between the replisome and the SeqA structure. The newest GATC sites are apparently not methylated by Dam methylase but instead incorporated into the dynamic SeqA structure. It is possible either that Dam methylase does not gain access to DNA on this side of the SeqA structure or that new GATC sites are protected either by single SeqA molecules that are recruited to the main SeqA structure as soon as the new DNA extends far enough or, alternatively, by other proteins binding to the new DNA. Only one other protein, MutH, is known to bind specifically to hemimethylated GATC sites ([@B46]). We therefore investigated whether differences in localization of the replisomes and the SeqA foci could be detected in cells lacking MutH. No differences were detected (data not shown). Thus, MutH protein does not seem to affect the localization of SeqA structures. The opposite is, however, possible, i.e. that the SeqA structure trailing the fork affects the localization of MutH and other mismatch repair proteins. We suggest that the stretch of DNA between SeqA and the replisome may be a preferred site for mismatch repair processes.

The two SeqA structures on sister DNA molecules were situated much closer together than the SeqA structure and the replisome. Thus, it could be that through parts of the cell cycle they actually exist as a common SeqA structure held together by SeqA--SeqA interactions. *In vitro* experiments show that SeqA structures formed on newly replicated DNA are capable of holding the two daughter molecules together ([@B15]). Alternatively, two separate SeqA structures could be held together by other means, for instance other proteins. The only protein so far known to possibly interact with SeqA is ParC, a subunit of Topoisomerase IV (TopoIV) ([@B25]). As a replication fork moves forward, topological stress increases in front of the fork. Most of this stress is removed by the action of DNA gyrase ([@B47]). In addition, some of this stress may be relieved by rotation of the replisome. This will transfer positive supercoils in front of the fork into precatenanes behind the fork ([@B48]--[@B50]). TopoIV has been suggested to play a role in removal of the precatenanes behind the replication forks ([@B51]) and SeqA has been suggested to modulate this process ([@B24]). An interaction between ParC and SeqA might hold the separate SeqA structures on daughter strands together. It is also possible that two such SeqA structures may be held together not by a protein but by the formation of the precatenanes. The large SeqA structure would in such a case possibly function as a barrier to further diffusion of the precatenanes and would create a defined stretch of DNA on which TopoIV could act.

In acetate grown cells the distance between the replisome and the SeqA structure was at its largest in cells where the replisomes had moved out to the quarter positions while the SeqA focus was situated at midcell, giving the impression that the SeqA structure was held back at midcell. It is thus possible that not only the two sister SeqA structures are held actively together but also the four SeqA structures belonging to pairs of forks. It is so far not clear whether the midcell SeqA structures contain the origin regions, i.e. whether origins are still in sequestration.

It has been suggested that SeqA binding helps direct the newly synthesized sister molecules away from the forks and away from each other ([@B20]). The opposite scenario has also been suggested, namely that the SeqA structures constitute spacers between replication forks and segregation forces and that this prevents segregation from destabilizing the replication forks ([@B21],[@B22]). The present results support the idea that newly replicated sister molecules are kept together behind the fork. However, it is only in the slowly growing cells that a possible problem with segregation would be an issue because in rapidly growing cells with multifork replication, newly replicated sister DNA molecules co-segregate ([@B30]) and stay colocalized for large parts of the cell cycle ([@B15]). Since rapidly growing cells suffer more than slowly growing cells upon loss of SeqA activity it is reasonable to assume that a possible prevention of the 'segregation fork' from reaching the replication fork is not the main function of SeqA. We suggest that the newly replicated sister DNA molecules in between the replisome and the two sister SeqA structures enjoy added stabilization. This stabilization, and the fact that homologous DNA then exists nearby, may be important for DNA recombination and repair processes.

SeqA foci are observed in cells that do not contain newly replicated DNA {#SEC4-2}
------------------------------------------------------------------------

SeqA was found to be located at midcell in the D-period of slowly growing cells, before relocalizing to the origin regions at the end of the cell cycle (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). The result was surprising because SeqA is known to bind to either fully methylated *oriC* or to hemimethylated GATC sites following the replication fork. Since D-period cells do not contain replication forks it is likely that there is no hemimethylated DNA present either. Thus, it is not clear whether SeqA is bound to DNA when situated at midcell in D-period cells. It is possible that hemimethylated GATC sites in the Ter region with SeqA protein bound persist when replication forks terminate because new sites are no longer generated. However, the Ter region contains few GATC sites. During rapid growth very little SeqA is bound to the terminus parts of the chromosome ([@B18]) and the Ter region does not colocalize with SeqA foci ([@B30]). Most of the SeqA in rapidly growing cells is found in structures containing hemimethylated DNA trailing the newest forks of the multifork chromosomes. Thus, in the slowly growing cells it could well be that the midcell SeqA structure does not contain DNA. If so, the result may indicate that the SeqA structures are built in such a way that DNA can escape easily and that binding to DNA is not required to keep the SeqA structures intact. Thus, it may simply be that DNA escapes from the SeqA structure, and that the SeqA proteins remain in the oligomerized state. So far we do not understand what role(s) SeqA may have at this stage in the cell cycle. It is also not known what causes SeqA to cease being an oligomer at midcell and instead binds to the fully methylated origins.

SeqA binds to the origin region prior to initiation of replication {#SEC4-3}
------------------------------------------------------------------

It has previously been found that SeqA binds preferentially to two or more hemimethylated GATC sites, but also to fully methylated *oriC* (with lower affinity) ([@B7]). Here we present results that indicate SeqA binding to the origin region as early as ∼45 min before cell division and 70 min before replication initiation in slowly growing cells, at times where *oriC* is fully methylated (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).

For initiation of replication to occur, DnaA must recognize specific sequences (*dnaA* boxes) in the *oriC* region and form an orisome complex ([@B52]--[@B56]). However, in the initiation process not only the sequence specificity of the *dnaA* boxes and binding of DnaA but also the topology of the DNA has been shown to be important ([@B57]--[@B63]). For example, it is known that negative supercoiling of the DNA in *oriC* promotes DNA unwinding ([@B64]). Also, loop formation within an unstable region in *oriC* has been suggested to initiate DNA unwinding and enable interaction between distantly separated oligomers of DnaA ([@B53],[@B60],[@B62],[@B65]). Nucleoid-associated proteins such as Fis, IHF and HU have been proposed to modulate *oriC* topology for regulation of replication initiation (in addition to DnaA) ([@B57],[@B62],[@B63],[@B66]--[@B68]), but in this context the role of SeqA remains to be explored. A positive effect of SeqA on initiation has been found at low DnaA concentrations *in vitro* ([@B69]). However, *in vivo* work strongly indicates that SeqA is mainly a negative regulator of replication initiation ([@B70]).

In our studies the SeqA foci colocalized with the origin regions prior to replication initiation are likely to consist of oligomerized higher-order forms of SeqA. Such complexes would presumably present steric challenges for DnaA binding, and possibly also restrain negative supercoils in the DNA ([@B11]). Also, the organization of DNA into SeqA-*oriC* complexes may change the distribution of DnaA protein at the binding sites, as proposed by Wold *et al*. in 1998 ([@B69]). So far there has been no evidence of a positive role of SeqA in replication initiation *in vivo*, and it has been found that SeqA null mutants initiate replication on average at 10--20% lower mass compared to wild-type cells in poor medium ([@B70]). This premature initiation was not due to increased levels of DnaA (DnaA levels were similar to in wild-type cells) ([@B70]). Thus, it is likely that SeqA has a role as a negative regulator at fully methylated origins in addition to its role in sequestration of recently initiated, hemimethylated origins. It is possible that this role is different in poor medium where initiation of replication occurs with no hemimethylated DNA present elsewhere on the chromosome, compared to in rich medium where replication forks and hemimethylated GATC sites are always present.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv146/-/DC1) are available at NAR Online.
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